Cadmium sulfide (CdS) is a preferred heterojunction partner for a number of chalcogenide-based solar cells. In view of this, interest has grown in the use of solution-based deposition techniques as an alternative route for the preparation of uniform ultrathin films of CdS. However, the quality of the electrodeposited CdS films on indium-tin oxide (ITO) remains far from optimal. This is because the ITO surface is electrochemically heterogeneous due to the presence of indium oxide; nucleation and further electrodeposition of CdS does not transpire on the oxided sites. Hence, only coarse-grained coatings, instead of homogeneous ultrathin films, are generated at un-pretreated ITO surfaces. In the present study, a mitigation of the amount of interfacial In oxide was attempted in order to increase the nucleation-site (indium-metal site) density. The procedure consisted of two steps: (i) Mild electrochemical reduction of the ITO to convert surface In(III) to In(0), followed by (ii) surface-limited redox replacement (SLRR) of
INTRODUCTION
Electrodeposition has been successfully implemented in the syntheses of photovoltaic materials since the 1970s 1 . The unique benefits offered by electrodeposition include: operation under ambient conditions; low-physical footprint; maximization of raw-material utilization; and reasonable control over the quality of the deposit simply by tuning deposition parameters and electrolyte chemistries. Since deposition techniques are applied at ordinary temperatures, they avoid the interdiffusion of material, typical in high-temperature processes, to yield sharper junctions 2 . In a typical superstrate thin-film solar cell configuration, the n-type semiconductor (e.g., CdS) lies above a transparent conducting oxide (TCO), with a p-type absorber layer on top. Over the years, numerous p-type semiconductor materials, such as CdTe [3] [4] [5] , Cu(In,Ga)Se (CIGS) [6] [7] [8] [9] , and Cu 2 ZnSnS 4 (CZTS) [10] [11] [12] [13] , have been prepared by electrodeposition.
Impressive developments have been made in the electrodeposition of high-quality p-type semiconductors, but improvements in the electrodeposition of the n-type buffer layer on a TCO have not been as dramatic.
A major factor is that the TCOs are non-metallic whose surfaces are predominantly oxygen-terminated.
This characteristic is rather consequential because electrodeposition occurs only on surface atoms that are metallically (electrically) conductive for electron transfer, and are able to engage in stable substratedeposit chemical bonds. Such surface atoms are thus the nucleation sites on the polycrystalline TCO surface. Presently, ITO and fluorine-doped tin oxide (FTO) are the most widely used TCO substrates for solar cells, with ITO as the preference due to its advantages in electrical conductivity and optical transmittance. As an n-type semiconductor with a bandgap between 3.5 -4.3 eV, ITO nominally consists of In 2 O 3 with 10% by weight of SnO 2 14 . There may be up to 4 different forms of surface oxygens in ITO, as well as at least two forms of In and Sn 15 . The nature of the oxide in ITO, the extent of hydrolysis of the lattice, and the density and orientation of the oxide grains, can all lead to a fairly high degree of surface heterogeneity. The high concentration of carriers in ITO arises from the various defect sites that include oxygen vacancies, interstitial indium, and substitutional Sn 4+ at In 3+ sites 16 . Chemical reactions are to be expected to take place preferentially at the chemically active defect sites. As a result, electrodeposition of CdS on ITO proceeds through a nucleation-and-growth mechanism. The formation of a non-fragmented coating is dependent upon the density of the nucleation sites, as well as the thickness of the deposit. The higher the nucleation density, the thinner the film can be. Although thin CdS layers lead to a higher J sc due to enhanced shorter-wavelength transmittance, there is a functional limitation to film thinness because unduly thin CdS films are quite susceptible to pinholes that serve to reduce V oc and FF 17 . In actuality, it is the nucleation density that ultimately controls the generation of optimally thin CdS layers, and, by extension, helps to dictate the overall performance of the solar cell.
The Stickney group has been working on the electrodeposition of semiconductors for the better of two decades, and has led the development of electrochemical of atomic layer deposition (E-ALD) [18] [19] [20] [21] [22] [23] [24] [25] .
Analogous to gas-phase ALD, E-ALD takes advantage of a surface-limited reaction to deposit one atomic layer at a time. The surface-limited reaction in E-ALD is simply underpotential deposition (UPD), in which one element deposits on a second element before it deposits onto itself; the reaction is driven by the decrease in free energy associated with the surface-compound formation [26] [27] . UPD is observed with Cd and S on metals such as Au [28] [29] , Ag [30] [31] [32] , and Cu [33] [34] . These metal surfaces are characterized by a homogeneous reservoir of electrons that enable rapid electron exchanges at any point on the surface.
However, as previously mentioned, species such as Cd or S have little chemical affinity towards oxygen atoms or hydroxyl species at the surface of ITO. Hence, electrodeposition on ITO takes place only at sites devoid of oxygenous groups; i.e, the nucleation sites.
SILAR, or successive ionic layer adsorption and reaction, a process similar to E-ALD, has also been attempted by the Stickney group to prepare CdS on ITO. In SILAR, the substrate goes through alternate immersions of the precursor (e.g., Cd 2+ and S 2-) solutions, where each immersion results in the precipitation or deposition of less than one monolayer of material. However, when CdTe was deposited 1 by E-ALD onto a SILAR-fabricated CdS/ITO, delamination of CdS/CdTe from the ITO substrate was invariably observed. Figure 1 shows the scanning electron microscopy (SEM) image that illustrates the delamination of the CdS/CdTe layer. A possible explanation is that SILAR creates deposits via precipitation of the precursor ions (Cd 2+ + S 2-→ CdS) but there is no real chemical interaction between the film and the substrate. Evidently, the weak adhesion between the SILAR-fabricated CdS and the ITO substrate is not enough to overcome the stress exerted by the CdTe overlayer; consequently, the film buckles. In order to synthesize a CdTe/CdS photovoltaic assembly, other approaches to form CdS/ITO have to be explored.
After the seminal paper 35 that demonstrated the influence of applied potential on the composition of indium oxide was published, the electrochemical reduction of ITO has been studied with different electrolytes at different pHs 16, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] ; most of the studies focused on the electrochemical stability of ITO, rather than the influence of surface modifications. In 2014, Switzer et al., successfully deposited Ge wires by first reducing ITO to form In metal that acted as reduction sites for Ge (IV) 46 . This work pointed to the direction that, if a pre-reduction is performed to the surface of ITO, the resulting In metal can be used as T.Baker) in 0.5 M NaClO 4 . The electrolyte-only wash solutions consisted of 0.5 M NaClO 4 at pH 3 and pH 10.5 respectively, for the acid and base rinses. All solutions were made using 18 MΩ Milli-Q ® water.
All electrochemical experiments were carried out in a flow-cell system (Electrochemical ALD, L.C., Athens, GA) that consisted of a distribution valve, a flow cell, a pump, and a three-electrode potentiostat. The system was automated by an in-house LabVIEW-based program named Sequencer. The auxiliary electrode was a Au wire embedded in the cell wall that faced the ITO working electrode. The exposed electrode area was 2.1 cm 2 . The flow rate for the ITO pre-treatments, and for all CV runs, was kept 2 mL/min. The flow rate for the deposition of CdS deposition was maintained at 11 mL/min for the entire process. CVs were performed at a scan rate of 10 mV/s. All solutions were purged with N 2 prior to and during the experiment. Figure 2 ), a small oxidation peak was observed positive to -600 mV that corresponds to re-oxidation of the reduced In to its oxide state. Unfortunately, because of the competition by the hydrogen evolution reaction (HER), the total current remained in the cathodic regime. As the negative limit was pushed to -1000 mV (red scan), The oxidation peak positive of -650 mV, for In oxidation, grew dramatically. No reduction and re-oxidation peak of Sn was observed, consistent with the literature 38 . To minimize changes in the ITO, a reduction potential of -900 mV was chosen so as to result in only surface modification. because not all the nucleation sites are viewable in the SEM images; the heterogeneity in the distribution across the deposit surface should also be a contributor to the discrepancy. Figure 6 (a) is a zoomed-in SEM of ITO reduced at -900 mV for 90 s but emersed as soon as the reduction time was reached. As evident in the image, the In clusters appeared to form immediately adjacent to the pits. A possible explanation is that reduction was initiated at the grain boundaries 37, 44, 54 , where the In oxide was slowly reduced to metal that led to pit formation; the In metal then aggregated in clusters next to the pits. The In clusters were found to be unstable, and eventually dissolved away when left in the blank. Proof can be seen in Figure 6 Positive of the bulk stripping peak, the current did not drop to zero, but was maintained at about 50 µA; no such current plateau was observed for the Cu 2+ -free control solution (red curve). This clearly indicated that that the vestigial current at E > 0.10 V was due to the presence of Cu probably stabilized by bonds to exchange at open circuit; under the conditions of Figure 8 (b), no obvious changes in the density or distribution of the clusters were observed. In Figure 8(c) , however, the clusters were no longer visible;
clearly, the the majority of the exchanged Cu had been stripped at 200 mV; only the Cu that was still bonded to the ITO substrates remained .
To investigate how pre-treatment of the ITO substrate affected the nucleation density, bulk Cd was deposited at -900 mV for 90 s on both untreated ITO and the Cu-treated ITO; the results are shown in Figure 9 . The SEM image in Figure 9 Transmittance spectra were acquired to ascertain if the Cu-In-exchange treatment had any effect on the transparency of the ITO. Figure 10 shows a plot of the % transmittance as a function of wavelength for untreated ITO (black) and Cu-exchanged ITO (red) between 200 to 1100 nm. The post-Cu-treatment plot was slightly but noticeably lower by 4% in transmittance that for the unsubstituted ITO.
3) CdS deposition by E-ALD cycles
It may seem paradoxical but the ITO pretreatment described above, viz., 90 s of ITO reduction at -900 mV, followed by a 5 min open-circuit exposure to CuSO 4 , and concluded with an anodic scan in CuSO 4 to 200 mV, resulted in a substrate surface with a minimum coverage of Cu coverage, yet the population of semiconductor-deposition nucleation sites, which had been the In sites substituted with Cu atoms, has been substantially increased. Subsequent E-ALD of a CdS thin film was then carried out on the chemically modified ITO surface, as detailed elsewhere 56 . In a single E-ALD cycle, Cd and S precursor ions were introduced in separately with each deposited at its own UPD potential, such that the deposits were formed with self-terminating reactions on the nucleation sites. That is, each cycle resulted in the deposition of less than one atomic layer, on only nucleation sites, per cycle, that served to eliminate coarse-grain formation; one adsorbate atom per substrate surface atom was used to define a monolayer.
The precursor solutions were rinsed away with pure supporting electrolyte between each deposition step.
As the number of cycles repeats, the deposited monolayers grow and coalesce into a continuous film. The deposition potentials and times have been systematically studied and optimized previously 56 . Figure 11 is an illustration of one complete E-ALD cycle. The black and red traces show the programmed potential on the left axis, and the resulting current on the right axis, respectively. The solutions in the cell for each step are marked in green. Potentials were altered 2 seconds after initiation of the solution change, enough time for exchange in the cell. appears to be initiated adjacent to pits, created during the initial ITO reduction step, suggesting deposits originated at sites where metallic In was formed but subsequently exchanged with Cu. As the deposit expanded, nucleation sites at the smooth areas emerged, suggesting that smaller nucleation sites, not observable initially due to their puny sizes, were also generated on those smoother areas. In the absence of Cu exchange, the smaller nucleation sites were much less numerous, Figure 12 (b). In Figure 12 (e), it can be seen that the deposit formed not only on the nucleation sites next to the pits but also on the smooth planar areas. The layer-by-layer growth of roughly hemispherical CdS particles eventually coalesced, producing a continuous film. The Cd/S atomic ratio of 0.8 from EDX indicated a S-deficient, n-type, CdS.
Investigations into the stability of the CdS/ITO interface as a function of the pretreatment were carried out by electrodeposition of CdTe on the CdS films. Figure 13 shows SEM images of 50 cycles of CdS on a Cu-treated ITO substrate, before and after 90 cycles of pulse-plated atomic layer deposition (PP-ALD) 57 of CdTe. The CdTe/CdS/Cu-ITO structure displayed larger size grains and did not peel off, in contrast to that without the Cu-exchange treatment. Increasing number of cycles to 360 for the CdTe deposition also resulted in a stable structure, with no evidence of delamination.
CONCLUSION
Reduction of an appreciable amount of In(III) to metallic In(0) in ITO, followed by its exchange with Cu via surface-limited redox replacement in Cu 2+ solution, resulted in a ten-fold increase in the number of semiconductor-deposition nucleation sites on the ITO surface. Studies of the deposition of CdS and CdS-on-CdTe nanofilms on the reduced ITO surface by E-ALD were then pursued. Previous work had shown a lack of adhesion between the CdTe-on-CdS deposit and the ITO substrate, and the absence of adhesion led to prompt delamination of the deposit. When Cu-exchange was undertaken, no delamination was observed. Evidently, the increase in nucleation density led to the formation of homogeneous CdS sites which, in turn, facilitated the deposition of a nanofilm of adherent CdTe.
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